The development of solar fuel generating materials would greatly benefit from a molecular level understanding of the semiconductor/electrolyte interface and changes in the interface induced by an applied potential and illumination by solar light. Ambient pressure photoelectron spectroscopy techniques with both soft and hard X-rays, AP-XPS and AP-HAXPES respectively, have the potential to markedly contribute to this understanding. In this paper we initially provide two examples of current challenges in solar fuels material development that AP-XPS and AP-HAXPES can directly address. This will be followed by a brief description of the distinguishing and complementary characteristics of soft and hard X-ray AP-XPS and AP-HAXPES and best approaches to achieving monolayer sensitivity in solid/aqueous electrolyte studies. In particular we focus on the detection of adsorbed hydroxyl groups in the presence of aqueous hydroxyls in the electrolyte, a common situation when investigating photoanodes for solar fuel generating applications. The paper concludes by providing an example of a combined AP-XPS and AP-HAXPES study of a semiconductor/aqueous electrolyte interface currently used in water splitting devices specifically the BiVO 4 /aqueous potassium phosphate electrolyte interface.
Introduction
Due to the intermittency of many forms of renewable energy, such as solar and wind, there is currently a large research effort focusing on understanding and developing electrochemical reactions that can store renewable energy [1] . In this respect, photoelectrochemical reactions that convert solar energy into fuels (i.e., solar fuels) are being actively investigated [2, 3] . During photoelectrochemical solar fuel production, sunlight absorbed by a semiconductor generates photo-excited charge carriers (electrons and holes) that drive chemical reactions at a semiconductor/liquid electrolyte interface [3] . The most studied and developed solar fuel producing reaction is solar-driven water splitting to produce hydrogen fuel (H 2 O + sunlight → H 2 + ½O 2 ). The successful implementation of solar hydrogen production into the energy landscape has the potential to secure a large portion of our future energy budget. However, to date, solar water splitting is either too inefficient and/or too expensive for commercialization. A major limitation is that much of the material development is hindered by a trial and error approach instead of a systematic one. An essential, missing ingredient needed for a systematic approach to solar-fuel generating material development is a molecular-level description of the semiconductor/electrolyte interface and changes at the interface induced by an applied voltage and/or incident light.
In this paper we present a general experimental means to gaining molecular-level information of the semiconductor/electrolyte interface. Our approach combines soft and hard Xray ambient pressure photoelectron spectroscopy, AP-XPS and AP-HAXPES, respectively. Soft X-ray AP-XPS is inherently surface sensitive allowing the study of gas phase water adsorption on a semiconductor surface as well as the semiconductor in contact with a condensed liquid water or aqueous electrolyte film that is a few layers thick. Due to its increased information depth, hard Xray AP-HAXPES allows the interrogation of the buried interface formed between a 3 semiconductor and a bulk-like, thin aqueous electrolyte layer. By combining these two techniques, the semiconductor/aqueous electrolyte interface can be studied as it is built-up in a step-wise fashion from its initial stages of formation to an interface closely resembling that found in a functioning water splitting device. The application of AP-photoelectron spectroscopy, AP-PES, (we will use AP-PES to designate generic photoelectron spectroscopy (i.e., with soft and/or hard X-rays) under ambient conditions) for studying solid/liquid interfaces is a relatively recent development [4, 5, 6, 7, 8] . Its implementation requires novel technical solutions to minimize the elastic and inelastic scattering of electrons by the liquid phase and the relatively high pressure of gas (the vapor pressure of water at 20 °C is 17.5 Torr). A major strength of using AP-PES to study semiconductor/electrolyte interfaces used in solar water splitting is that AP-PES can simultaneously measure both chemical composition and electrical potential. This allows the elemental and chemical specificity of PES to be correlated with accurately measured electrical potentials at the semiconductor surface as well as in the liquid phase. When AP-PES is used in conjunction with other complementary techniques (e.g., infrared spectroscopy, sum frequency generation spectroscopy, calorimetry, and general (photo)electrochemical techniques), the potential for a deeper understanding and discovering new phenomena about solid/liquid interfaces is great. This paper is organized as follows. After presenting two examples of current challenges in solar fuels material development that AP-XPS and AP-HAXPES can directly address, we will provide a short description of soft and hard X-ray AP-XPS and AP-HAXPES focusing on their distinguishing and complementary characteristics. In this section, challenges in achieving monolayer sensitivity in solid/aqueous electrolyte studies will be discussed and combined AP-XPS and AP-HAXPES studies as a means to address this challenge will be proposed. This will be followed by an example of the application of combining AP-XPS and AP-HAXPES to study a 4 semiconductor/aqueous electrolyte interface currently used in water splitting devices. Specifically we will present data for the BiVO 4 /aqueous potassium phosphate electrolyte interface and demonstrate how combining AP-XPS and AP-HAXPES provides molecular-level information about photo-induced changes at the BiVO 4 /potassium phosphate electrolyte interface at open circuit potential.
Two current challenges in solar water splitting that can be addressed by AP-XPS and AP-
HAXPES
During solar water splitting, charge is transferred across a solid/aqueous electrolyte interface to drive the oxidation and reduction half reactions that lead to the production of oxygen and hydrogen, at the anode and cathode respectively. The solid material that is in direct contact with the electrolyte can be the sunlight absorbing semiconductor, a protection layer that has been deposited on top of the absorbing semiconductor and/or a catalyst layer that is used to increase water splitting activity. Further, the solid/electrolyte interface may undergo a variety of changes that will depend on the specific conditions (e.g., applied potential, characteristics of the illumination source (wavelength and intensity), composition of the electrolyte and the materials used in the device). In turn, these changes will affect the photoelectrochemical activity. For example, specific ion adsorption can change the shape and the magnitude of the potential drop across the interface, catalyst layers deposited onto the semiconductor may passivate trap states and recombination centers, and the extreme pH values typically used for water splitting often lead to degradation of the semiconductor material over time. Understanding these processes on a molecular level could provide the basis for a rational approach to solar water splitting material development. Below we will briefly discuss two challenges in solar water splitting for which AP-XPS and AP-HAXPES can potentially provide valuable insight. These are: 1) understanding the role of catalyst layers in photoelectrochemical devices, and 2) correlating the chemical 5 composition of the semiconductor interface with band edge positions.
In-situ electrochemical investigation of catalyst layers
Since most semiconductors show low activity for water splitting, their surfaces are frequently modified by adding catalysts. Interestingly, some catalysts work well when combined with certain semiconductors but poorly with others [9] . The precise role that a catalyst plays in improving water splitting activity is currently not well understood. In some cases, the catalyst may act as a "true" catalyst by decreasing the activation barrier for charge transfer from the semiconductor to the catalyst/electrolyte interface [10] . In other cases the catalyst may simply passivate recombination centers which leads to an increase in water splitting efficiency but does not necessarily increase the charge transfer rate to the electrolyte. This was recently demonstrated in a study of cobalt phosphate catalysts deposited on BiVO 4 [11] . This study showed that the rate constant for charge transfer decreases with the addition of the catalyst but the overall water splitting activity increases due to a large reduction in the charge carrier recombination rate due to passivation of recombination centers by the catalyst [11] .
Since the electronic and chemical characteristics of a catalyst depend on the specific conditions, in-situ or operando studies are necessary to decipher their precise role. For example, the concept of adaptive junctions at water splitting conditions has been proposed as an explanation for the success of some catalyst layers [9, 12] . In an adaptive junction, the catalyst layer is permeable to the electrolyte leading to mobile, charge compensating ions within the catalyst layer and no electrostatic potential drop within the catalyst layer or across the catalyst/electrolyte interface. As the catalyst drives the electrochemical reaction both the catalyst and the catalyst/electrolyte interface change and the work function of the catalyst "adapts" insitu. Ni-Fe oxyhydroxide, currently among the most promising water oxidation catalysts, is an 6 example of an electrolyte permeable catalyst that has demonstrated such adaptive behavior. Using a dual-working-electrode experiment to independently monitor the potential and current in the semiconducting and catalyst layers, Boettcher et al. investigated adaptive behavior in a single crystal TiO 2 /NiOOH, Ni(OH) 2 junction [12] . To make electrical contact to the catalyst layer, Au was deposited onto the Ni(OH) 2 layer. As the potential of the TiO 2 semiconductor was scanned an abrupt change in the potential of the Ni(OH) 2 catalyst layer was observed. Similar measurements with an IrO x catalyst layer that does not display adaptive behavior showed a linear potential shift with changing semiconductor potential. While this work clearly demonstrates the potential of a dual-working-electrode experiment to monitor adaptive catalyst behavior, making good electrical contact to the catalyst via the Au layer is challenging and the deposition of the Au layer may, to some extent, modify the interface between the catalyst and the electrolyte. AP-PES techniques provide the possibility for in-situ, contactless, investigations of adaptive catalyst behavior. Shifts in core-level binding energies can be used to provide information about the electrostatic potential within the catalyst layer [13] . The distribution of the potential throughout the catalyst layer can be monitored with depth profiling measurements. Due to the chemical specificity of photoelectron spectroscopy, the changes in potential can be directly correlated with changes in the chemical composition of the catalyst. Such an approach was recently used to study Ni-Fe oxyhydroxide catalyst layers with AP-HAXPES where changes in the amount of hydroxylation could be correlated with binding energy shifts in the liquid electrolyte layer which served as a local work function probe [14] .
Correlating interfacial chemistry and band edge positions
Band edge positions play a central role in electrochemical devices and proper band alignment is essential to the functioning of the device. In a tandem device an n-type semiconductor is used as the photoanode (where oxidation occurs) and a p-type semiconductor is used as the photocathode (where reduction occurs). For the device to function effectively, the valence band maximum of the n-type material must be lower than the water oxidation (oxygen evolution) potential, so that holes are transferred to the electrolyte, and the conduction band minimum of the p-type semiconductor must be above the water reduction (hydrogen evolution) potential, to aid electron transfer. Solvation effects at the semiconductor/electrolyte interface can greatly affect the relative positions of the semiconductor band edges to the redox potentials of the electrolyte. For example, theoretical calculations of functionalized silicon surfaces have predicted that solvation effects induced by pure water can cause electronic state shifts of greater than 1.5 eV [15] . The magnitude of the solvation-induced shift depends on the nature of the interaction between the semiconductor surface and water; hydrophilic surfaces show larger shifts [15] .
While theoretical calculations have demonstrated the ability to provide correlations between band edge positions and the chemical composition of the semiconductor/electrolyte interface, direct measurements of such correlations using experimental techniques are currently lacking [15, 16, 17 , 18] .
XPS measurements allow the determination of energy levels relative to the Fermi level of the material under investigation. The binding energy of an electron is defined as the difference in energy between the level from which the photoelectron has been emitted and the Fermi level. In a semiconductor, the formation of a space-charge region at a junction between two materials or at the surface of the semiconductor itself causes the valence and conduction levels to bend upwards or downwards. A common assumption is that core-level binding energy shifts mirror the shifts in the valence band maximum induced by band bending. As a result, PES has been successfully used to correlate semiconductor band edge positions and band bending with the chemical composition of their surfaces [19, 20] . Such an approach has been recently used to study band alignment at the solid-solid interface formed between silicon and TiO 2 protection layers for photoelectrochemical applications [21] . A standard experimental procedure for conducting these studies is to vacuum deposit a solid overlayer, layer-by-layer onto the substrate while simultaneously monitoring both valence and core-level spectra [22] . In this way the valence states and core level binding energy shifts can be monitored as the interface is formed to determine band alignment between the substrate and overlayer. A similar approach may be taken for semiconductor/liquid electrolyte interfaces. (4) we either illuminate the sample, apply a bias to the sample or both, so that the influence of illumination and applied bias can be studied, and in (5) AP-HAXPES is used to investigate the sample beneath a thin pure water film that is formed when the substrate is dipped into water and withdrawn (dip-and-pull) to form an extended meniscus [23] . In the bottom row, the same procedure is followed as in the top row except that before the introduction of water vapor a small amount of salt is deposited onto the sample (1). The water vapor pressure is then increased to the deliquescence point of the aqueous electrolyte solution. Once the deliquescence point is reached a thin aqueous electrolyte film is formed on the surface (3) [24] . In (4) we again subject the sample to applied bias and/or illumination. In (5) 
General aspects of studying semiconductor/aqueous electrolyte interfaces using AP-XPS and AP-HAXPES
For details about AP-PES with both soft and hard X-rays the reader is referred to the numerous existing reviews [25, 26, 27, 28, 29] . In this section we discuss the distinguishing and complementary features of AP-XPS and AP-HAXPES to demonstrate how their combination can be used to gain molecular-level insight into semiconductor/electrolyte interfaces used in solar water splitting devices focusing only on bulk-like electrolyte layers as opposed to the electrolyte film formation studies outlined above.
There are essentially two approaches to investigate solid/liquid interfaces for electrochemical applications with photoemission spectroscopy that differ by which side of the interface is used for X-ray incidence and electron detection. the solid or the liquid side [23, 30, 31] . Using supported membranes, such as graphene on a silicon nitride grid, or coated membranes, where the total thickness of the solid material is less than two to three times the mean free path of electrons, photoemission experiments can be conducted from the solid side of the solid/liquid interface (see Figure 2A ) [30, 31] . When combined with a flow cell, this approach has the advantage that the liquid electrolyte can flow through the system thereby providing facile mass transport in the liquid electrolyte. However, this technique is limited to the investigation of thin solid films (less than a few nm if performing AP-XPS, and approximately 30 nm if performing AP-HAXPES at photon energies of 4000 eV or more), since the photo-emitted electrons must travel through the solid to reach the analyzer. Performing these experiments without breaking the ultrathin films, which would result in electrolyte venting into the UHV system, has been demonstrated but is experimentally challenging. A second approach, using Xray incidence and electron detection from the liquid side, (see Figure 2B ), requires the formation of a thin liquid layer whose thickness does not exceed two to three times the mean free path of the electrons through the liquid electrolyte layer [23] . This has the advantage of being able to investigate a broader range of solid materials of arbitrary thickness but is currently limited by mass transport in the electrolyte layer since the liquid electrolyte layers are effectively static in the direction parallel to the solid surface. Since we focus on solar water splitting systems where practical semiconducting absorber layers are typically 100 nm or more (so that the semiconductor film thickness exceeds the absorption length of solar light) we will only discuss the approach using X-ray incidence and electron detection from the liquid side (see Figure 2B ). If the thin electrolyte film used in "liquid-side" AP-PES experiments is to be representative of a bulk electrolyte solution, the electrolyte film should be thicker than the combined thickness of the Stern and diffuse layers of the electrical double layer. To quantify this thickness we set a minimum thickness of the electrolyte film to three times the Debye screening length (λ D ) of the electrolyte solution. At this distance, the potential applied to the semiconductor surface is ~95% screened (1/e 3 ). Since λ D depends on the ionic strength of the electrolyte solution, the minimum electrolyte film thickness will too. For aqueous solutions at 25 °C,
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is the ionic strength of the solution [35] . The sum in ! is over all ions, !, in the solution, ! ! ! is the square of the ionic charge, ! ! its concentration in molality and ! ! is 1 mol/kg. We have calculated the minimum film thicknesses for a 1:1 electrolyte, such as KOH, for concentrations of 0.001 M, 0.01 M, 0.1 M and 1.0 M (see Table 1 ). These minimum electrolyte film thicknesses should provide the best possibility to detect a monolayer of OH(ads) on a flat semiconductor/electrolyte interface with bulk-like electrolyte films. Thicker electrolyte films will attenuate the OH(ads) signal more and have a higher contribution from OH(aq) in the O 1s spectra.
Using the calculated minimum electrolyte film thicknesses we can estimate the relative signal from OH(ads) and OH(aq) at the flat semiconductor/liquid interface. To do so, we have used the peak areas generated from model systems using the SESSA v1.3 software package [36] . Table 1 for each electrolyte film thickness and photon energy (kinetic energy of the photoelectrons). Based on the attenuation of the OH(ads) signal alone, it is apparent that to study solid/electrolyte interfaces photon energies of > 2000 eV are required unless the electrolyte concentration is high enough that very thin electrolyte films may be used.
Turning now to the expected ratio of the OH(ads) to OH(aq) integrated peak intensities, it is apparent from the values in Table 1 Table 1 for each of the three photon energies considered.
These values are taken from Trzhaskovskaya et al. [37, 38] . These values do not include dipole, non-dipole or second order contributions since the magnitude of their contribution to the crosssection will depend on the specific experimental geometry. The O 1s photoionization crosssection for 2000 eV photons is approximately 8 times higher than for 4000 eV photons which will lead to significantly higher signal intensities and shorter integration times.
So far, we have only discussed trends for ideally thin electrolyte films on flat surfaces for a given electrolyte concentration. More generally the electrolyte films used for liquid side AP-HAXPES experiments are not of controlled thicknesses. To consider the effects of electrolyte films that are thicker than the ideal thickness, the OH(ads)/OH(aq) ratio listed in Table 1 electrolyte films the OH(aq) signal will be much stronger than the OH(ads) signal by about a factor of 14. This emphasizes the importance of being able to generate thin electrolyte films of a specified thickness. We expect this to be of key importance for the future, broader application of AP-HAXPES to study semiconductor/electrolyte interfaces. In addition, by being able to generate arbitrarily thin electrolyte films, soft X-ray AP-XPS can be used where higher photoionization cross-sections can lead to shorter integration times, as long as high electrolyte concentration solutions are studied so that the thin electrolyte film has bulk-like properties or can be used to efficiently model bulk configurations. Lastly, as previously suggested and shown in Figure 1 , if arbitrarily thin aqueous electrolyte films cannot be easily generated, a potential means of gaining detailed chemical information about semiconductor/aqueous electrolyte interfaces is to conduct gas phase water adsorption studies. In particular, we envision performing combined studies of pure water adsorption and the deliquescence of a previously deposited solid electrolyte generate thin aqueous electrolyte films (that may not be bulk-like). Such vapor phase studies should provide a reasonable, qualitative approximation of the chemical species present when the solid is in contact with a bulk-like electrolyte. The connection between the gas phase AP-XPS studies and AP-HAXPES studies at semiconductor/bulk-like aqueous electrolyte interfaces can be strengthened by building the electrolyte film in a step-wise manner (see Figure 1) , a method analogous to what has long been used in UHV conditions to understand solid/solid interfaces [39, 40] .
Photo-induced changes at the BiVO 4 /potassium phosphate aqueous electrolyte interface at open circuit potential studied with AP-XPS and AP-HAXPES
In this section we provide an example of combining AP-XPS and AP-HAXPES measurements to understand photo-induced changes at the interface formed between a complex semiconducting oxide and an aqueous electrolyte solution. The approach taken is similar to that as outlined in Figure 1 . We first studied gas phase adsorption of water on a single crystal of film deposited onto an FTO/glass substrate with spray pyrolysis was used [41] , which is similar to that used in a practical water splitting device.
AP-XPS of water adsorption on BiVO 4 (010).
The adsorption of pure water onto the (010) [50] ) increases the adsorption energy of water, and the preferred adsorption site is on top of the surface Bi atoms for both doped and undoped BiVO 4 . We note that AP-XPS results for water adsorption on numerous single crystalline oxide surfaces, including, MgO(100) [55, 56] , Fe 2 O 3 (0001) [57] , Fe 3 O 4 (001) [58] and TiO 2 (110) [59] have indicated significant surface hydroxylation (i.e., water dissociation) in the sub-1 Torr water vapor pressure range (see reference [25] for a summary of water adsorption on oxide surfaces studied with AP-XPS).
The 1%-Mo doped BiVO 4 crystals used in our experiments were grown at the LeibnizInstitut für Kristallzüchtung in Berlin, Germany.Prior to introduction into the vacuum chamber, the single crystals were cleaved on the lab bench. After introduction into the vacuum system, the The initial O 1s spectrum taken in the dark ( Figure 5 , bottom, left) shows peaks that can be attributed to the BiVO 4 film (lattice oxygen, O 2-), the phosphate ions in solution, and water in the liquid and gas phases. The ratio of the H 2 O(l) to BiVO 4 O 1s peak areas can be used to estimate the thickness of the electrolyte film [32, 60] . The peak area ratio is 14.2 and indicates that the electrolyte film thickness is approximately 21 nm thick. This film is thick enough to be considered a bulk-like electrolyte film since it far exceeds the thickness required for 3 Debye lengths (see Table 1 for an estimate of this thickness for 1:1 electrolytes). Considering the values presented for signal intensity ratios between adsorbed ions and aqueous ions in S. I. Table 1 surface concentration would have to increase by at least a factor of 7. That the peak located at 530.89 eV is due to aqueous phase ions, rather than adsorbed species, is further supported by the observation that when returning to dark conditions the ratio of this peak to the liquid water peak decreases back to 0.17, nearly equal to the ratio for the spectrum before turning on the solar simulator, but the BiVO 4 O 1s signal is still not visible (i.e., the electrolyte film remains thicker than 33 nm thick).
The right hand panel in Figure 5 shows Bi 4f spectra taken for the same conditions as 
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AP-XPS using soft X-rays is a well-established technique for studying adsorption of gas phase species onto solid surfaces. In general, the application of AP-PES techniques to study photoelectrochemical systems that use aqueous electrolytes is a recent development. This has been aided by the recent development of AP-PES using hard X-rays, i.e., AP-HAXPES that allows for the direct interrogation of solid/electrolyte interfaces in the presence of a bulk-like electrolyte. However, as described in this paper, potential challenges arise due to core-level peak overlap and limited peak intensities in AP-HAXPES measurements. A potential means to gain more detailed information is to combine the AP-HAXPES measurements with soft X-ray AP-XPS in the presence of pure water vapor. One then has to assume that the vapor phase studies provide a reasonable, qualitative approximation of the chemical species present when the solid is in contact with a bulk-like electrolyte. This connection can be strengthened by conducting studies where thin electrolyte films are built up in a step-wise manner; a method analogous to what has long been used in UHV conditions to understand solid/solid interfaces.
Future developments in the field will likely involve other advanced AP-spectroscopic techniques. In particular, gaining detailed information about the valence band of photoanode materials during photoelectrochemical reaction is particularly important for electrochemical systems since charge transfer processes are at the heart of their function. Ideally, band mapping using angle resolved photoemission spectroscopy (ARPES) in ambient conditions would be applied to fully understand the electronic states in these complex systems. To date, ARPES in ambient conditions has not been broadly applied although it has been demonstrated for solid/gas interfaces [65] . For solid/liquid interfaces such studies will likely be complicated by contributions from both the liquid and gas phase to the spectra. A potential means to enhance specific features in the valence band and therefore de-convolute the valence band into a projected density of states, is to perform resonant photoemission [66] .
Advanced ambient pressure photoelectron spectroscopic techniques using X-ray standing waves (XSW) have already been applied to gain structural information about solid/electrolyte interfaces [24] . We expect the XSW technique to be applied quite extensively in the future to gain operando information about changes in the distribution of ions in the double layer induced by light illumination and applied voltage. In particular, such studies would be extremely valuable for understanding in greater detail the behavior of phosphate ions at the BiVO 4 /KPi interface under illumination by sunlight as presented here. Combining soft and hard X-ray ambient pressure photoelectron spectroscopy for a molecular-level understanding of solid/electrolyte interfaces. The approach is similar to that used to study solid/solid interfaces; the interface is studied with increasing thickness of the overlayer, in this case the electrolyte. The electrolyte layer increases in thickness from left to right in the figure as the water vapor pressure is increased at constant temperature (i.e., the relative humidity increases). Soft X-ray AP-XPS is used from steps 1 to 4 while hard X-ray AP-HAXPES is used in 5. See text for details. Two general approaches to studying solid/electrolyte interfaces for photoelectrochemical applications using AP-PES: A) solid-side incidence and detection, and B) liquid side incidence and detection. The bottom spectra are taken in the dark, the middle spectra are taken after turning on a solar simulator and the top spectra after returning to dark conditions. In the O 1s spectra an increase in the phosphate ions plus OH ion to liquid water signal ratio is observed when the solar simulator is on. In the Bi 4f spectra a broadening to higher binding energy is observed with the solar simulator on.
